A fully automated parallelized implementation of the incremental scheme for coupled-cluster singles-and-doubles ͑CCSD͒ energies has been extended to treat molecular ͑unrelaxed͒ first-order one-electron properties such as the electric dipole and quadrupole moments. The convergence and accuracy of the incremental approach for the dipole and quadrupole moments have been studied for a variety of chemically interesting systems. It is found that the electric dipole moment can be obtained to within 5% and 0.5% accuracy with respect to the exact CCSD value at the third and fourth orders of the expansion, respectively. Furthermore, we find that the incremental expansion of the quadrupole moment converges to the exact result with increasing order of the expansion: the convergence of nonaromatic compounds is fast with errors less than 16 mau and less than 1 mau at third and fourth orders, respectively ͑1 mau= 10 −3 ea 0 2 ͒; the aromatic compounds converge slowly with maximum absolute deviations of 174 and 72 mau at third and fourth orders, respectively.
I. INTRODUCTION
The coupled-cluster ͑CC͒ approach is capable of providing highly accurate energies and properties of molecular systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and is therefore frequently used for benchmarking more approximate methods such as those based on density-functional theory. However, given the steep scaling of the cost of the standard CC methods with respect to the size of the one-particle basis set, the application of CC theory is usually limited to relatively small molecules. For larger molecules, it becomes necessary to introduce further approximations into the CC model. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] One of these approximations is the incremental scheme of Stoll, 13, 28, 29 which is based on the Bethe-Goldstone expansion introduced into quantum chemistry by Nesbet 12, 30, 31 more than 40 years ago. During the past 15 years, the incremental scheme has been successfully applied to various closed-shell periodic [32] [33] [34] [35] [36] and molecular [37] [38] [39] [40] [41] systems; extensions to open-shell systems have also been reported. [42] [43] [44] Recently, we presented a fully automated implementation of the incremental scheme for molecular electronic energies within the framework of second-order Møller-Plesset perturbation theory ͑MP2͒, coupled-cluster singles-anddoubles ͑CCSD͒ theory, and CCSD with a perturbative triples correction. 38, 39, 45, 46 Later, we introduced distance screening and an efficient treatment of core-valence correlation. 39, 47 Given that CC theory provides accurate molecular properties, 1,3-5,7-11,48-55 the local domain approximation of Pulay and co-workers 14, 15, 56, 57 was used to reduce the cost of such calculations for molecular dipole moments and for static dipole polarisabilities, 58 as well as for opticalrotation and magnetic-field parameters. 59 Within the framework of the Bethe-Goldstone theory, Nesbet 31 recognized already in 1969 how properties can be treated. Recently, Yang and Dolg 60 applied this approach to optical tensors of the Ga 4 As 4 H 18 cluster.
In the present paper, we examine the accuracy of the incremental scheme for first-order molecular properties such as the dipole and quadrupole moments, which are important quantities characterizing the molecular charge distribution.
II. THEORY

A. The incremental scheme
In an incremental calculation, we divide the total system into domains consisting of groups of localized occupied orbitals and then calculate the correlation energy separately for each domain. Next, to account for the nonadditivity of the domain energies, we calculate correction energies for all pairs of domains, all triples of domains, and so on, until the desired accuracy is reached. The total correlation energy is then computed according to
where D is the set of domains, P͑D͒ is the power set of domains, and O is the order of the expansion. The summation index X in Eq. ͑2͒ runs over all increments up to order O. When X represents the correlation energy of the unified subsystems of X, the general correlation-energy increment ⌬ X is given as
For tensorial properties such as the dipole and quadrupole moments, we must express each tensor component in its own incremental expansion. The correlation contribution to the ath component of a tensorial property P a therefore reads
with the general increment
For example, the incremental expansion of the dipole moment reads
B. The local molecular-orbital basis
The incremental scheme requires the wave function to be expressed in a set of local molecular orbitals ͑LMOs͒. To use such a basis in combination with the current implementation of the CCSD first-order one-electron properties in DALTON, which assumes canonical molecular orbitals ͑MOs͒, 48 we use a pseudocanonical basis. This means that we diagonalize the Fock matrix in the LMO basis in the subspace of the domain and use the resulting transformation matrix to generate the pseudocanonical MOs from the LMOs-for details, see Refs. 45 and 46.
C. First-order one-electron CCSD properties
All properties considered in the present paper have been calculated using an orbital-unrelaxed scheme, in which the MOs are not allowed to adjust ͑relax͒ in response to the perturbation. Instead, the response of the wave function to the external perturbation is described entirely by the CC amplitudes. At the CCSD level of theory, for example, unrelaxed first-order one-electron properties are given by where O pq are the one-electron MO integrals for the operator associated with the given property and the CCSD densitymatrix elements take the form
Here the E pq are excitation operators from orbital p to orbital q, while t i a and t ij ab are single and double excitation amplitudes, denoting occupied MOs by i and j, virtual MOs by a and b, and unspecified ͑occupied or virtual͒ MOs by p and q. In a more general notation, the cluster operator is given by T = ͚ t , where t are the amplitudes and are the excitation operators ͉͘ = ͉HF͘. The CCSD amplitudes t are obtained iteratively by solving the projected nonlinear CC equations
while the Lagrange multipliers t , which have been introduced to make the CC energy stationary with respect to variations in the amplitudes t , are obtained from the solution of the linear response equations
The density matrix in Eq. ͑8͒ is unrelaxed since the contributions arising from the relaxation of the canonical MOs to the external perturbation are not included-see, for example, Eq. ͑11͒ in Ref. 4 . In DALTON, the first-order CCSD properties are formulated in terms of T 1 -transformed one-electron operators
Here the one-electron integrals are given by 1, 48 O pq
in terms of the atomic-orbital ͑AO͒ integrals O ␣␤ and MO coefficients C. The density-matrix elements in Eq. ͑12͒ are given by 
with the following explicit expressions:
For efficiency, the first-order properties in Eq. ͑12͒ are calculated as
following a backtransformation of the density matrix to the AO basis.
III. COMPUTATIONAL DETAILS
A. Incremental calculations
In our implementation, the one-electron properties are calculated in the following manner. First, we solve the Hartree-Fock equations for the full system with DALTON ͑Ref. 61͒ and extract the canonical MOs and the dipole integrals in the AO basis. Next, we localize the orbitals with the Boys localization, 62 using a sequence of orthogonal 2 ϫ 2 rotations as introduced by Edmiston and Ruedenberg. 63 The resulting localized occupied orbitals are grouped into disjoint sets of occupied orbitals as described in Ref. 38 . This computational step is controlled by two input parameters: the domain-size parameter s dsp , which is a rough measure for the number of LMOs belonging to each of the domains, and t con , which is a distance parameter for the connectivity of a pair of occupied orbitals. 38 The incremental calculations are finally performed with a version of the DALTON program package 61 modified to compute automatically the correlation contribution to the given property. In all calculations, all electrons were correlated.
B. Geometries
Unless otherwise stated, the geometries were optimized with the RI-BP86/SVP gradient-corrected Kohn-Sham method, 64, 65 as implemented in the TURBOMOLE 5.10 ͑Refs. 66-69͒ quantum-chemistry package. All stationary points were characterized by analyzing the Hessian matrix. 70 Note that the goal of the current work is not to derive accurate structural data for the compounds investigated, but rather to obtain reasonable geometrical parameters for the subsequent incremental calculations of energies and properties. 
C. Hardware
The calculations were performed on a cluster of Intel Core2Quad Q6600 PCs with 2.4 GHz processors, 8 Gbytes random-access memory, and 160 Gbytes disk space per node. The PCs are connected with a 1 Gbit ethernet.
IV. APPLICATIONS
To obtain a sufficiently broad set of data, we considered a set of chemically relevant systems of different natures, such as a water cluster, an organolithium compound, various aromatic systems ͑aniline, furan, p-nitroaniline, and ben-TABLE III. Convergence of the incremental dipole moments ͑in a.u.͒ for the dipolar molecules in Fig. 1 . The parameters t con = 3 and s dsp = 3 were used except for ͑H 2 O͒ 6 , where s dsp = 5 was used to get a water molecule as a fragment. The cc-pVDZ basis was used except for LiC 5 H 7 and ͑H 2 O͒ 6 , where the 6-31G
‫ءء‬ basis and the aug-cc-pVDZ basis sets were used, respectively. The RMS deviation of the three dipole components and the MA deviation are used as a measure for the convergence. zene͒, and octane. The molecules with a permanent dipole moment are given in Fig. 1 and the molecules without a permanent dipole moment are given in Fig. 2 . Note that for a meaningful study, the compounds must not be too small since the incremental scheme would then yield the exact result by construction-that is, the highest-order increment would require the full calculation.
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A. Energies
Tables I and II show the convergence of the incremental CCSD and MP2 energies for the molecules in Figs. 1 and 2 . In agreement with earlier findings for energies, the convergence of the incremental series is fast. For all systems, the third-order expansion is sufficient to obtain chemical accuracy ͑with respect to the exact CCSD and MP2 values͒, with an error less than 1 kcal/mol in the total energy. Conversely, the second-order expansion does not provide chemical accuracy except for the rapidly convergent water cluster. As reported elsewhere, 46 the inclusion of diffuse basis functions does not significantly change the energy convergence-see the cc-pVDZ and aug-cc-pVDZ results for furan in Table II . We note that whereas the first-order MP2 error is always larger than the corresponding CCSD error, the second-order MP2 error is always smaller than the corresponding CCSD error.
The MP2 correlation energies were obtained from the canonical energy expression. Therefore, the convergence of the incremental MP2 energy is a measure of the performance of the pseudocanonical basis. Noting that the MP2 correlation energy converges rapidly for all molecules in this study, we conclude that the pseudocanonical orbitals can be safely used in combination with an implementation based on canonical orbitals.
B. Dipole moments
In Tables III and IV , we compare the incremental and exact CCSD dipole moments for the polar and nonpolar molecules, respectively. The tables contain the magnitude of the total dipole moment at a given order in the incremental expansion ͉͑ ជ tot ͉͒, the magnitude of the total dipole moment relative to the CCSD exact value ͓͉ ជ tot ͉ % = 100ϫ ͉͑ ជ tot ͉ / ͉ ជ exact ͉͒, only for the polar molecules͔, and the magnitude of the correlation contribution to the dipole moment ͉͑ ជ corr ͉͒. As error measures, we have included the root-mean-square ͑RMS͒ deviation of the three dipole components and the maximum absolute ͑MA͒ deviation from the exact CCSD values.
Considering the incremental second-order dipole moments in Tables III and IV , the largest errors are observed for the aromatic systems, with RMS deviations of 35 and 33 mau ͑1 mau= 10 −3 ea 0 ͒ for p-nitroaniline and aniline, respectively. By contrast, octane and the water cluster converge rapidly, with second-order RMS deviations of only 3 and 0.4 mau, respectively. At third order, all molecules have RMS deviations of around or less than 5 mau, except aniline, which has a large remaining deviation of 24 mau. Finally, at fourth order, the largest RMS deviations are 5-6 mau for aniline and p-nitroaniline, while the remaining molecules have deviations of 2 mau or less.
To investigate the importance of diffuse functions and, in particular, the performance of the incremental scheme for such functions, we have calculated the dipole moment of furan in the larger aug-cc-pVDZ basis-see Table V. Comparing Tables III and V , we find a change in the dipole moment from 190 to 245 mau when diffuse functions are added. This change is more than one order of magnitude larger than TABLE V. Convergence of the incremental dipole moments ͑in a.u.͒ for furan using the aug-cc-pVDZ basis ͑Fig. 1͒. The RMS deviation of the three dipole components and the MA deviation are used as a measure for the convergence. the third-order errors in the incremental expansion, which are 8.0 and 4.1 mau for the cc-pVDZ and the aug-cc-pVDZ basis sets, respectively. At fourth order, the dipole moment is converged to an error less than 0.5% in both basis sets. For furan, therefore, the convergence of the incremental dipolemoment expansion is less sensitive to the basis set than is the value of the dipole moment itself.
Concerning the convergence of ͉ ជ tot ͉ for furan with s dsp = 4, we note that the norm of the dipole moment is accurately reproduced at the second order of the expansion, with an error of only 0.4%, compared to an error of 1.6% at third order. The small second-order error is fortuitous and reflects an error cancellation between the different components of the dipole moment, noting that the correlation contribution to the dipole moment converges smoothly and monotonically toward the exact result, if the RMS and the MA deviation are used as measure. Figure 3 contains the absolute deviations of all dipolemoment components in this study and illustrates the overall improvement in the description of the dipole moment with increasing order of the incremental expansion. Figures 4 and 5 present the convergence of the incremental dipole moments for the same molecules using MA and RMS deviations, respectively. In both figures, the aromatic systems ͑benzene, aniline, and p-nitroaniline͒ have the largest errors at third and fourth orders. As expected, the smallest error is observed for the water cluster, with the water molecules as domains ͑s dsp =5͒.
Comparing our results with those of Korona et al., 58 we find that an incremental third-order expansion yields similar maximum relative errors of about 5%. Note that a fourthorder expansion yields a maximum relative error of only 0.5%. Analyzing the differences in the relaxed to the unrelaxed dipole moments in Ref. 11 , we find a maximum difference of 27 mau. Comparing this deviation with the RMS deviations of 24 and 6 mau at the third-and fourth-order expansions, respectively, we find that the contribution from orbital relaxation to the dipole moment is typically as large as the third-order contribution in the incremental scheme. We conclude that the incremental scheme can be applied to calculate molecular dipole moments with sufficiently high accuracy.
C. Quadrupole moments
Table VI presents the RMS and MA deviations of the components of the ͑traceless͒ quadrupole moment ⌰ ij as a measure of the convergence of the incremental series; the full data set is given in the supplementary material. 73 The RMS was calculated from six components of the quadrupole tensor. Figures 6-8 present various plots of the data in Table  VI to illustrate the potential accuracy of the incremental scheme for molecular quadrupole moments. Figure 6 shows the deviations of the components of the quadrupole moments for the molecules in this study, illustrating the reduced spread of errors with increasing order of the incremental expansion. In Figs. 7 and 8 , the MA and RMS deviations of the quadrupole-moment components are plotted as functions of the expansion order. The slow convergence for p-nitroaniline illustrated in these plots is understandable since we use a local correlation approach to calculate the electric properties of this push-pull system. As for the dipole moment, the aromatic systems converge slowly and the fastest convergence is observed for the water cluster. Concerning the absolute accuracy, we find that the third-order expansion is sufficient to converge the MA deviation of the quadrupole-moment components to an error less than 16 mau ͑1 mau= 10 −3 ea 0 2 ͒ for nonaromatic compounds.
For the aromatic compounds, we find third-order MA deviations of 174, 74, and 21 mau for p-nitroaniline, benzene, and aniline, respectively; at fourth order, the corresponding errors are reduced to 72, 4, and 16 mau. At fourth order in the expansion, the maximum deviation of the nonaromatic compounds is less than 1 mau. In contrast to the incremental energy expansion, we observe a slower convergence for the quadrupole moment for aromatic compounds compared to the nonaromatic systems.
Comparing the errors introduced by the incremental scheme for furan in cc-pVDZ and aug-cc-pVDZ basis sets, we observe no significant change in the convergence. Comparing the change in the correlation contribution of ⌰ 11 due to the change in the basis, we find a difference of 196 maumuch larger than the MA deviation of the third-order incremental values of 14 and 24 mau. In this sense, we can obtain higher accuracy for large systems with the incremental scheme, if the conventional calculation is only possible in a smaller basis set.
Slow convergence can be avoided by increasing the domain sizes. From our experience in incremental energy calculations this improves the speed of the convergence.
V. STATISTICAL ANALYSIS AND COMPUTATIONAL PERFORMANCE
To get an impression of the overall performance of the incremental scheme, we have collected in Table VII the RMS and the MA deviations for the entire set of dipole-and quadrupole-moment components of all molecules in this study. Since the quadrupole tensor is symmetric, we have used six symmetry-independent tensor components for each system in the calculation of the RMS deviations.
At third order, the statistical RMS and MA deviation of the dipole-moment components are 10 and 33 mau, respectively; at fourth order, they are converged to 3 and 10 mau, respectively. We conclude that the incremental expansion can be used to calculate dipole moments to a sufficiently high accuracy for molecules similar to those in the present study.
The quadrupole moments are more difficult to converge. The MA error is completely determined by p-nitroaniline, which shows by far the worst convergence for the quadrupole moment ͑vide supra͒. The RMS deviations, which are also strongly affected by the slow p-nitroaniline convergence, are 40 and 14 mau at third and fourth orders, respec- 
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tively. We conclude that the quadrupole moment can be obtained at reasonable accuracy. Concerning the performance of the incremental scheme, we note that our current, pilot implementation is not efficient with respect to CPU time. However, the goal of the present work was to examine the convergence of the expansion in Eq. ͑4͒ for one-electron first-order properties rather than to attempt the implementation of an efficient production code. From a technical point of view, Eq. ͑4͒ is appealing since it inherently parallelizes the computation with very little communication, making it possible to use inexpensive clusters of standard PCs connected by a standard network to evaluate CC energies or properties. If a finite-field approach is used as in Ref. 11, the evaluation of the dipole moment reduces to a set of energy calculations, which within the incremental scheme can be carried out very efficiently as discussed in Refs. 45 and 46; in some cases, the incremental scheme was in fact necessary to make the energy calculations at all feasible. 74 In the present work, we have abandoned the finite-field approach and instead pursued an analytic approach to first-order one-electron properties, opening the route to other first-order properties such as molecular gradients and subsequently to higher-order properties.
VI. CONCLUSION
We have extended the fully automated implementation of the incremental scheme of CC theory to first-order oneelectron properties-in particular, molecular dipole and quadrupole moments. We have found that the incremental scheme provides accurate correlation contributions to the dipole and quadrupole moments at low orders of the expansion. The convergence of the incremental expansion of the dipole and quadrupole moments has been analyzed in terms of the RMS and the absolute maximum deviation of the components. Based on these characteristics, we observe a fast convergence for nonaromatic systems, whereas some aromatic compounds are more difficult to treat. Typically, the errors introduced by a truncation of the expansion at third order are already smaller than the changes observed upon extension of the basis sets from cc-pVDZ to aug-cc-pVDZ quality. Thus, since low-order incremental calculations allow the use of larger basis sets, better overall results are achievable with the incremental scheme than with the standard scheme. 
